Recently, the application of immobilized cells for biochemical transformations have been rapidly developing (1, 2) , and immobilized cell systems have been used industrially for the production of L-aspartic acid and L-malic acid (5, 6, 9) .
Our previous studies on the production of dihydroxyacetone (DHA) from glycerol by acetic acid bacteria showed that resting cells of Acetobacter suboxydans ATCC 621 converted glycerol to DHA more efficiently than growing cells (7, 8) . Therefore, continuous production of DHA by immobilized whole cells appeared to be feasible.
In this report, the glycerol-oxidizing activity of immobilized cells of Acetobacter xylinum A- 9 was investigated and compared with that of the intact cells. The possibility of the production of DHA from glycerol with the immobilized cells was also discussed.
MATERIALS AND METHODS
Chemicals. Acrylamide monomer and potassium persulfate were purchased from Katayama Chemical Industries Co., Ltd. (Osaka, Japan). N,N'-methylenebisacrylamide and fB-dimethylaminopropionitrile were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan). All other chemicals used in this study were of analytical grade quality.
Microorganisms and culture conditions. The bacteria used in this study were A. suboxydans ATCC 621, A. xylinum A-9, Gluconobacter melanogenus IFO 3293, and Gluconobacter melanogenus IFO 3294. These microorganisms were maintained on an agar slant of koji extract (specific gravity = 1.04) containing 1% CaCO3. Freshly prepared slant cultures were used for seed cultures. For the propagation of the cells, 100 ml of the medium containing 4% glycerol, 3% corn steep liquor, 0.3% yeast extract, 0.1% diammonium fumarate, and 0.3% CaCO3, pH 5.3, was distributed in 500-ml shake flasks. The flasks were autoclaved at 120°C for 10 min, inoculated, and incubated at 30°C for 18 h on a reciprocating shaker operated at 140 strokes per min with a 7-cm stroke. The cells were harvested by centrifugation, suspended in physiological saline, and used as intact cells. Cell concentration was determined turbidimetrically at 660 nm in a Hitachi electric photometer EPO-B and was expressed as dry cell weight (milligrams per milliliter) calculated from a standard curve.
Immobilization of cells. Polyacrylamide-immobilized cells were prepared by the method described previously (3). To 4 ml of the intact cell suspension in physiological saline at a concentration of 50 mg/ml, acrylamide monomer (0.75 g), N,N'-methylenebisacrylamide (40 mg), 5% f-dimethylaminopropionitrile (0.5 ml), and 2.5% potassium persulfate (0.5 ml) were added, and this suspension was kept at 15°C for 2 h. The solid gel was cut to 3-mm cubes and thoroughly washed with distilled water. The total volume of gel was 5 ml, and it contained 200 mg (dry weight) of cells.
K-Carrageenan-immobilized cells were prepared by the method described previously (6) . K-Carrageenan was dissolved in physiological saline at 70 to 800C to obtain a concentration of 3.5% (wt/vol). After the Kcarrageenan dissolved, the solution was kept at 40°C. A 1.6-ml amount of cell suspension (125 mg/ml) at 30°C was mixed with 3.4 ml of the K-carrageenan solution and then cooled at around 5°C for 30 min. To increase the gel strength, the gel was soaked in a cold 0.3 M potassium chloride solution. After this treatment, the resultant stiff gel was cut to 3-mm cubes. The total volume of gel was about 5 ml, and it contained 200 mg (dry weight) of cells.
Assay of glycerol-oxidizing activity. Unless otherwise noted, the activity of the intact cells was assayed as follows. A reaction mixture of 0.5 ml of the cell suspension and 50 ml of 0.5 M glycerol in a 500-ml shaking flask was incubated at 30°C for 1 (ii) Glycerol-oxidizing activity of the immobilized cells. To obtain immobilized microorganisms with high converting ability of glycerol to DHA, whole cells of the above four microorganisms were immobilized by the polyacrylamide gel and K-carrageenan gel methods, and their glycerol-oxidizing activities were compared. As shown in Table 2 , immobilized A. xylinum cells entrapped in the polyacrylamide gel showed the highest activity. The activity yields of the gel were about 5 to 18% of the intact cells. To investigate these low yields, the gel preparations were milled with a mortar and pestle, and their activities were determined. The activities of the milled gel increased to 50 to 60% of the intact cells, except the preparations of A. suboxydans ATCC 621 and G. melanogenus IFO 3293 obtained by polyacrylamide gel method. These results may be due to improvements in diffusion of oxygen, glycerol, or DHA into the gel matrices. Nevertheless, the cubic form of the gel was used as an immobilized cell preparation because a continuous reaction system is contemplated in the future, and a cubic form may be preferable for such a reaction system.
Based on the above data, the cubic form of the immobilized A. xylinum A-9 cells prepared by polyacrylamide gel method was selected as the best enzyme preparation for further investigations. Fig. 1 , the intact cells showed a nearly symmetrical curve around the optimum pH 5.5, but the immobilized cells showed a broad optimum pH, with most activity between pH 4.0 and 5.5. Similar pH stability curves were obtained before and after immobilization, as shown in Fig. 2. (ii) Temperature. The effect of temperature on glycerol-oxidizing activity of the immobilized cells was compared with that of the intact cells. The optimum temperature was 35°C in both cases. The thermal stability of immobilized and intact cells was compared at an elevated temperature for 20 min (Fig. 3) . The immobilized cells were somewhat more stable than the intact cells.
(iii) Glycerol concentration. The initial velocity of reaction by the intact cells did not change at glycerol concentrations from 0.3 to 2.0 M. In contrast, the initial velocity obtained with the immobilized cells was inhibited at glycerol concentrations higher than 0.5 M, as shown in Fig. 4 . Both intact and immobilized cells, however, showed a striking similarity in apparent Km values for glycerol (6.3 x 10-2 to 6.5 x 10-2 M). under highly aerobic conditions. The initial pH was 5.5 without adjustment and remained at the same value during the reaction. After 40 h, the reaction was completed, and glycerol was not detected in the reaction mixture. Compounds other than DHA were not formed, and the accumulated DHA did not decompose even with prolonged incubation.
(ii) Reuse of the immobilized cells. After complete conversion (Fig. 5 ) the immobilized cells were filtered and washed with water. Although 5 g of the immobilized cell cubes were recovered, the glycerol-oxidizing activity was only about 70 to 75% of the initial activity. When the washed, immobilized cells were used again under the same conditions described above, complete conversion was obtained after 60 h of incubation. After this reaction, the oxidizing activity decreased to about 50% of the initial value.
The immobilized cells could repeatedly be used, but their oxidizing activity gradually decreased.
(iii) Preparation of crystalline DHA. DHA accumulated in the reaction mixture was readily isolated and purified by the usual manner described in previous paper (7) . The yield of pure crystalline DHA was over 80%.
DISCUSSION
In our laboratory, the production of DHA by microbial conversion of glycerol with acetic acid bacteria has been extensively studied (7, 8 ). An enzymatic method was developed to simplify the purification process of DHA. A continuous process was devised to increase the productivity. The present work was undertaken to determine the properties of the immobilized acetic acid bacteria and evaluate their utility for the continuous production of DHA.
Entrapment of cells in polyacrylamide gel and in K-carrageenan gel has been studied in our laboratory and found to be useful for commercial production, e.g., the continuous production of L-aspartic acid and L-malic acid (5, 6, 9) . Entrapment with K-carrageenan is simple, but metal ions are required in the reaction mixture to keep a practical gel-strength (6 (Fig. 4) Many problems with the application of immobilized cells of A. xylinum A-9 to the continuous production of DHA from glycerol, including reactor, oxygen supply, and instability of the immobilized cells remain to be solved. For an example, methods to supply abundant oxygen into the continuous reaction system must be developed. Although the immobilized cells could be reused, their activity was reduced to about 70 to 75% of the initial activity. Thus, the instability of the immobilized cells also is an important problem. The experiments on the stabilization of the immobilized cells are still in progress, but we postulate that the loss of activity may be due to leakage of the pyridine nucleotides as a cofactor or the inability of the immobilized cells to completely regenerate the oxidized pyridine nucleotide from the reduced form. Up to the present, however, attempts to improve the stability by simple addition of nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide phosphate in the reaction mixture were unsuccessful. It is also necessary to take into account the instability of glycerol dehydrogenase. If these problems can be solved, continuous production of DHA with immobilized cells may be industrially useful. Until solutions to these problems are found, it seems that the use of immobilized cells offers no advantage over the use of intact cells. 
